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I. INTRODUCTION

Pulsed lasers have been used to produce micrcplasmas via laser-induced
breakdown almost from the time of their invention. Virtually all of the reports in the
intervening years involve the use of the ruby, Nd:Glass/NdYAG, or CO2 lasers. 1-3 More
recently, a specific technique called LIBS (laser-induced breakdown spectrometry) was
developed for the purpose of chemical (elemental) analysis of aerosol and gas samples. 4,5

In the last few years a new approach for laser plasma formation in gases has been
developed which utilizes ultraviolet lasers and is based on atomic and molecular
resonances in the microplasma formation processes.6,7 Attributes of this approach include
efficiency with respect to the amount of incident laser energy that is required to form
microplasmas, i.e., a lower threshold for breakdown, as well as a much higher degree of
control over the intensity of the microplasmas, especially near the threshold region. This
latter effect allows for the formation of much weaker microplasmas using UV resonant
lasers than that possible with visible/infrared n. -resonant lasers. As such, the weaker
(lower temperature) microplasmas contain a .latively larger fraction of molecular
fragments and, conversely, a smaller fraction of atoms and ions.

We recently reported our first results of the use of resonant laser-produced
microplasmas for chemical analysis in a study which was aimed at ascertaining the utility
of the laser inicroplasma approach for potential use as a detector for gas
chromatography. 8 Very simply, an ArF excimer laser beam (193 nm) was focused at the
orifice of a gas chromatography (GC) capillary column through which a high purity He
carrier gas flowed continuously. Utilizing modest laser pulse energies (ca. 10 mJ),
microplasmas were formed when a small amount of aniiyte sample was injected into the
carrier gas flow and were not produced in the He carrier gas by itself. Resonance in the
formation of free electrons in the laser focal volume was accomplished by the coincident
absorption of photous from the broadband excimer laser by carbon atoms at 193.1 nm
(2p2 1DZ -+ 2p3s lP°O).8 Microplasma formation was detected using photoacoustic,
optogalvanic, and photometric emission spectroscopy. Photometric detection was found
to be the most sensitive method of the three techniques and thus offered the greatest
promise for further development.

In this paper we report further work on the development of this technique which
involves a survey of spectrally-resolved microplasma emissions for a variety of carbon-
containing sample gases which are meant to represent different types of chemical groups.
The results indicate that there is significant group-specificity in the emission spectra which
should make it possible to increase the chemical selectivity/resolution of a gas
chromatograph based on microplasma emission analysis using the LM-GCD technique.

II. EXPERIMENTAL

The apparatus and techniques used for the study of the dispersed emission of
electronically excited fragments formed within the microplasma of various gaseous flows
are essentially identical to those previously employed by Morris, et al. 8 A schematic
illustration of the experimental arrangement is presented in Figure 1A. The excitation



source is a Lumonics Model TE 861M-3 pulsed, broadband ArF (193 nm) excimer laser,
which is equipped with unstable resonator optics. The laser pulse duration is
approximately 15 n.3ec and, for this study, pulse energies of up to 15 mJ are used. The
laser is operated at a repetition rate of 15 Hz. The laser pulses are focused through a
25 mm diameter, 50 mm focal length UV grade fused silica lens. The focus of the beam
is directed to a position approximately 0.5 mm above the outlet of a 5 meter, 544 micron
diameter fused silica "Megabore" column obtained from J & W Scientific which is normally
used in the HP Model 5890A gas chromatograph. Since the purpose of this present study
is to characterize microplasma emission from individual analytes and not analyte mixtures,
the CC column was removed from the GC and used separately for experimental
convenience. The laser energy is monitored by a Scientech laser power meter which also
serves as a beam stop.

The LM-GCD comprises two separate components, specifically the sheath gas and
column effluent. To prevent the mixing of room air with the CC effluent gases, the column
outlet, illustrated in Figure IB, is encircled by a 3/8" diameter helium sheath with a flow
rate of approximately 200 ml/minute. The use of a sheath gas is unique to the LM-GCD.
One important reason for separating room air and the GC effluent gases is to prevent a
condition of breakdown in 100% of the laser shots. This is particularly important when
using the LM-GCD for maximum sensitivity where broadband, rather than wavelength-
specific, detection of weak microplasma emission sicgnifies the elution of a small quantity
of the analyte molecules. 8 The room air-induced breakdown is due to the ease with which
molecular oxygen is ionized by the ArF excimer laser via the resonant two-photon
absorption through the intermediate Schumann-Runge (S-R) bands.9 Although absorption
by laboratory air will clearly deplete the laser radiation in the 02 S-R band wavelength
region, at short distances from the laser (approximately 0.5 meter in our case), this effect
is minimal.9 Another reason for excluding room air from the laser focal volume is to
prevent the contamination of the microplasma emission by gases which are not
components of the original sample. Centering of the column outlet within the sheath gas
is accomplished by the utilization of a wire mesh which also allows for the unrestricted
flow of the sheath gas.

The column effluent gas is composed of carrier gas and analyte vapor. The helium
carrier gas (Spectra Cases 99.999%), after successive filtering and drying, flows to the
atmosphere through the Megabore column at a rate of roughly 20 ml/minute. Gaseous
samples were introduced into the carrier gas prior to the Megabore column at a typical
flow rate of also about 20 ml/minute resulting in approximately 1013 analyte molecules
present in the laser probe volume (10-6 cm 3). Backing pressures and flow contols were
adjusted to maintain similar concentrations in the effluent of the capillary column for the
different sample gases. Alternately, liquid phase compounds (for most samples the vapor
pressures at 298 K are in the 100 torr range) were inserted into the column by flowing the
carrier gas over the neat liquid. This resulted in small variations of sample vapor
concentrations in the probe volume between the different liquids. The difficulty of
maintainng similar cce±I..tiui.. '-or the different liquid bample. precluded the
quantification and absolute comparison of the emission results.
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A two-lens collection system, perpendicular to the direction of the laser excitation
source, focused th, emission originating within the microplasmas onto the entrance slit
(width = 250 micions) of a 0.25 meter McPherson monochromator equipped with a
Hamamatsu 955R photomiltiplier tube (PMT). The signal from the PMT was processed
with a Stanford Research Systems boxcar integrator with a gate width of 100 nsec. The
output of the boxcar was then recorded utilizing a Zenith 80286-based computer. The
spectra were acquired in three segments of approximately equal wavelength span. This
was necessary in order to minimize the drop in ArF laser energy, and thus the signal level,
over a prolonged spectral scan. This behavior, unfortunately, is quite characteristic of
c):ier excimer lasers such as ours. Typically these scans encompassed the following
regions; 190-400 nm, 400-600 nm, and 600-850 nm. Consr"', ation of these three spectral
regions into one spectrum was accomplished through use of the 1-2-3 Access System from
Lotus Development Corporation. It should be noted that prior to acquiri-ig the longer
wavelength scans (>400 nm), a filter (GG-400) was inserted into the dispersed emission
beam path in order to eliminate appearance of short wavelength emission in second order
of grating from being recorded.

III. RESULTS AND DISCUSSION

To demonstrate the versatility and general nature c' the LM-GCD, a number of
different carbon containing compounds were examined. Figures 2, 3 and 4 present
representative emission spectra originating from the electronically excited fragments
formed within the varicus microplasmas. Additionally, Table 1 provides a detailed
assignment of the major peaks observed in each respective spectrum. The relative
intensity values are uncorrected for the monochromator/PMT instrument response function
and the wavelengths listed represent actual readings from the monochromator mechanical
dial (accuracy ± 0.5 nm).

Figure &-. displays the emission spectra obtained from the microplasmas generated
in a flow of carbon monoxide (CO) and methanol (CH 3OH), top amd bottom, respectively.
Both CO and CH3OH exhibit strong atomic carbon and oxygen emissions. CH3OH,
however, displays the additional emissions attributed to the atomic Ha and Hp transitions.
It is noteworthy to consider that had a conventional flame iottization detector (FID) been
utilized, only the presence of CH3OH would have been discernible. The non-combustible
CO ',;ou!d have remained undetected. The carbon dioxide (CO2) microplasma emission
spectrum was found to be very similar to that of CO (see Table 1). It should be noted that
all of the spectra acquired for Table 1 display high signal-to-noise ratios for most atomic
and molecular emissions. In addition, it was determined that the broad band appearing
at 387 nm in this and all subsequent spectra is attributed to second order ArF laser
scattering.

Figure 3 shows the emission spectra acquired from electronically excited fragments
produced in a microplasma generated in a flow of propane (CH3CH2CH3) and benzene
(C6H6), top and bottom, respectively. It is immediately apparent that the only feature
common to both compounds is that ascribed to the emission of atomic carbon (..48 nm).
Two additional lines observed in the propane spectrum are those of Ha and Hp

4
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Table 1. Laser-Produced MVcroplasma Emissions from Various

Carbon Containing Sample Molecules

Molecule Overall Plasma la Species b  Emission nmc  Id

CH3CH2CH3  1.00 C 248.2 7.8
CH 431.8 1.1
H (p) 486.1 2.0
H(az) 657.2 8.8
O 778.2 2.6

CH4  0.74 C 248.3 5.8
CH 432.0 1.2
H)) 486.5 3.8
C2 (0,0) 516.7 0.9
H(u) 657.2 6.7

CH30H e C 248.2 8.0
CH 431.3 0.8
HV3) 487.0 1.3
H(u) 657.0 4.3
O 777.8 1.5

CO 0.92 C 248.3 7.2
O 778.2 4.3

CO2  0.56 C 248.3 4.4
O 777.8 2.5

C6H6  e C 248.3 7.1
CH 431.5 2.1
C2 (2,0) 438.1 1.0
C2 (1,0) 474.1 2.2
C2 (0,0) 516.9 5.1
C2 (0,1) 564.0 2.3
C2 (0,2) 619.6 0.5
H((z) 657.4 0.6
O 778.2 1.3

C6H5F e C 248.2 10.0
CH 431.2 4.0
C2 (2,0) 437.8 2.6
C2 (1,0) 474.0 5.2
C2 (0,0) 516.5 9.2

C2 (0,1) 563.8 4.6
C 2 (02  619.2 1.4
H(8t 657.0 1.1



Table 1. Laser-Produced Microplama Emissions from Various

Carbon Containing Sample Molecules

Molecule Overall Plasma Ia Speciesb Emission nmc Id

CHC13  e C 248.3 7.9
CCl 278.3 0.8
CH 431.3 1.7
H(8) 468.5 0.9
C2 (0,0) 516.7 0.8
H(a) 657.0 1.5
Cl 726.4 0.3
O 755.3 0.2

809.2 0.1
778.0 0.7

C14  e C 248.3 9.6
CCI 278.3 1.6
C2 (0,0) 516.8 0.5
Cl 725.8 1.1

755.5 0.5
809.6 0.4
778.2 2.0

CF 4  0.67 C 248.3 5.2
F 623.8 1.3

634.9 0.8
641.5 0.9
686.1 2.8
691.1 2.2
704.8 0.9
740.7 0.8

0 777.7 1.0

Annotations:

a. Plasma emission intensities relative to strongest carbon emission (Ch 3CH2CH 3).
b. The transitions listed for C2 are (V',,").
c. Approximate wavelength readings obtained directly from monochromator.
d. Intensity is given in arbitrary units and is uncorrected for instrument response.
e. Liquid samples (see text).
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Conversely, the spectrum of benzene is dominated by the presence of a complex series
of band structures. These features are found to be the various transitions of the C2 Swan
system of bands (A3flg *- X3Hiu);10 (2,0) at 438.1 nm, (1,0) at 474.1 nrm, (0,0) at 516.9 nm,
(0,1) at 564.0 nm, and (0,2) at 619.6 nm. Additional emissions noted in the benzene
microplasma spectrum are CH and H.. Spectral results similar to those obtained for
benzene and propane were also obtained from microplasmas formed in the respective
flows of fluorobenzene (C6HBF) and methane (CH4) (see Table 1). The emission observed
at approximately 777.8 nm in these spectra is attributed to atomic oxygen and is indicative
of the difficulty of totally isolating the CC effluent gases from room air. One solution to
this problem under evaluation is the construction of a flow cell in which the effluent gases
can be probed without interference from room air.

Figure 4 displays the emission spectra of electronically excited fragments from the
microplasmas generated in the flows of Freon-14 (CF4), chloroform (CHC13) and carbon
tetrachloride (CC14), top, middle and bottom, respectively. Upon close inspection of
Figure 4, the only common feature is found to be that attributed to the emission of atomic
carbon. A closer examination of the CHC13 spectrum reveals that in addition to the CH
bands and the Ha and Hp lines, a new set of lines appears in the 700-825 nm region.
These lines, which are assigneu to the emission of atomic chlorine,5 11I also appear in the
microplasma spectrum of CC14. Furthermore, a band visible at 278.3 nm in the emission
spectra of only CHC13 and CC14 is attributed to the CCI A2A 4- X211 (0,0) transitions.10 The
identity of the other band at 257.7 nm common to both CHC13 and CC14 is as of yet
unresolved.

The longer wavelength region of CF4 (600-800 nm) is remarkable due to the
presence of an elaborate set of relatively intense lines wholly attributable to atomic
fluorine emission.5 11 As with the previous examples, Figure 4 demonstrates the species
specificity of the laser-produced microplasma emission technique. Of the three
compounds shown in Figure 4, conventional FID is unresponsive to both CF4 and CC14.

IV. CONCLUSION

It has long been known that many substances are not amenable to detection by
conventional CC methods. Those compounds that produce little or no response in FID
(e.g., O., H", CO, CO , halogenated compounds, etc.) must therefore have some other
means for detection. Presented here are qualitative laser-produced microplasma emission
results which indicate that the LM-GCD offers not only broad chemical response, but also
considerable chemical specificity. These results, in addition to our previous work which
demonstrated considerable sensitivity potential, suggest that the LM-CCD approach is
worthy of serious consideration as a universal carbon detector.

Further improvements are currently being made to the experimental apparatus.
These includc th rplacment of,,, te pi otomultiplier wth an optical muliichannel analyzer
(OMA) which will allow for quicker data collection and the ability to take large portions
of the spectrum simultaneously. Future work will concentrate on the time resolution
aspects of the microplasma emission as well as on the determination of the realistic

10



detection limits of which the LM-GCD is capable. In general, a number of technological
advances should make it possible for practical implementation of the LM-GCD. These
include the development of a compact and inexpensive UV laser* as well as improvement
in the UV transmission characteristics of optical fibers.

J

*A contract to design and construct a compact and field-worthy UV laser under the BRL

SBIR Phase I program is in progress.

11



INTENTioNALLY LEFT BLANK



REFERENCES

1. C.G. Morgan, "Laser-Induced Breakdown of Gases", Rep. Prog. Phys., Vol.
38, p. 621, 1975.

2. D.C. Smith and R.G. Meyerand, Jr., "Laser Radiation Induced Gas
Breakdown", Princ. Laser Plasmas, G. Bekefi, ed., p. 457, Wiley, New York,
1976.

3. P.K. Carroll and E.T. Kennedy, "Laser-Produced Plasmas", Contemp. Phy..,
Vol. 22, p. 61, 1981.

4. L.J. Radziemski, T.R. Loree, D.A. Cremers, and N.M. Hoffman, "Time-
Resolved Laser-Induced Breakdown Spectrometry of Aerosols", Anal. Chem.,
Vol. 55, p. 1246, 1983.

5. D.A. Cremers and L.J. Radziemski, "Detection of Chlorine and Fluorine in Air
by Laser-Induced Breakdown Spectrometry", Anal. Chem., Vol. 55, p. 1252,
1983.

6. B.E. Forch and A.W. Miziolek, "Oxygen-Atom Two-Photon Resonance Effects
in Multiphoton Photochemical Ignition of Premixed H?/0 2 Flows", Opt. Lett.,
Vol. 11, p. 129, 1986.

7. B.E. Forch and A.W. Miziolek, "Ultraviolet Laser Ignition of Pemixed Gases
by Efficient and Resonant Multiphoton Photochemical Formation of
Microplasmas", Combust. Sci. a ) Tech., Vol. 52, p. 151, 1987.

8. J.B. Morris, B.E. Forch, and A.W. Miziolek, "A Novel Detector for Gas
Chromatography Based on UV Laser-Produced Microplasmas", APpi.
Spectrosc., Vol. 44, No. 6, p. 1040, 1990.

9. M.P. Lee and R.K. Hanson, "Calculations of 0 2 Absorption and Fluorescence
at Elevated Temperatures for a Broadband Argon-Fluoride Laser Source at
193 nm", 1. Quant. Spectrosc. Radiat. Transfer, Vol. 36, p. 425, 1986.

10. R.W. Pearce and A.G. Gaydon, The Identification of Molecular Spectra, 4th
ed., Halsted Press, London, 1976.

11. Atomic Transition Probabilities, Vols. 1 and 2, National Standard Reference
Data Series 4, National Bureau of Standards, 1966.

13



INTENTioNALLY LEFT BI1AN

14



No. of 'o. of
g Orcanization 99010 Oraninatiou

Office of tne Secretary of Defense 1 D!'ector
OUSD(A) US Army Aviation Research and
Director, Live Fire Testing Technology Activity
AITN: James F. O'Bryon I ATIN: SAVRT-R (Library)
Washington, DC 20301-3110 MIS 229-3

Ames Research Center
2 Administrator Moffett Field, CA 94035-1000

Defense Technical Info Center
ATTN: DTIC-DDA 1 Commander
Cameron Station US Army Missile Command
Alexandria, VA 22304-6145 ATTN: AMSMI-RD-CS-R (DOC)

Redstone Arsenal, AL 35898-5010
1 HQDA (SARD-TR)

WASH DC 20310-0001 1 Commander
US Army Tank-Automotive Command

Commander ATTN: AMSTA-TSL (Technical Library)
US Army Materiel Command Warren, MI 48397-5000
ATN: AMCDRA-ST
5001 Eisenhower Avenue I Director
Alexandria, VA 22333.0001 US Army TRADOC Analysis Command

ATTN: ATAA-SL
Commander White Sands Missile Range,
US Army Laboratory Command NM 88002-5502
AITN: AMSLC-DL
Adelphi, MD 20783-1145 (Class. only) I Commandant

US Army Infantry School
2 Commander A'TN: ATSII-CD (Security Mgr.)

US Army, ARDEC Fort Benning, GA 31905-5660
AVI'I'N: SMCAR-IMI-I
Picatinny Arsenal, NJ 07806.5000 (Unclais. only) 1 Commandant

US Army Infantry School
2 Commander ATTN: ATSH-CD-CSO.OR

US Army, ARDEC Fort Benning, GA 31905-5660
ATT'N: SMCAR-TDC
Picatinny Arsenal, NJ 07806-5000 1 Air Force Armament Laboratory

ATN: AFATLDLODL
IDirector Eglin AFB, FL 32542-5000
Benet Weapons Laboratory
US Army, ARDEC Aberdeen Proving Ground
AT'N: SMCAR-CCB-I'L
Watervliet, NY 12189-4050 2 Dir, USAMSAA

A'ITN: AMXSY-D
Commander AMXSY-MP, 11. Cohen
US Army Armament, Munitions

and Chemical Command 1 Cdr, USAI13.COM
ATTN: SMCAR-ESP-L ATT'N: AMST3-TO-F
Rock Island, IL 61299-5000

3 Cdr, CRDEC, AMCCOM
Commander AT'lN: SMCCR-RSP-A
US Army Aviation Systems Command SMCCR-MU
ATTN: AMSAV-DACL SMCCR-MSI
4300 Goodfellow Blvd.
St. Louis, MO 63120-1798 1 Dir, VLAMO

A'ITN: AMSLC-VL-D

15



No. of No. of
-99oies Organ ,on copies Organization

4 Commander 5 Commander
US Army Research Office Naval Research Laboratory
A'ITN: R. Ghirardelli A'ITN: M.C. Lin

D. Mann J. McDonald
R. Singleton E. Oran
R. Shaw J. Shnur

P.O. Box 12211 RJ. Doyle, Code 6110
Research Triangle Park, NC Washington, DC 20375
27709-2211

1 Commanding Officer
2 Commander Naval Underwater Systems

US Army, ARDEC Center Weapons Dept.
ATTN: SMCAR-AEE-B, D.S. Downs ATTN: R.S. Lazar/Code 36301

SMCAR.AEE, J.A. Lannon Newport, RI 02840
Picatinny Arsenal, NJ 07806.5000

2 Commander
Commanrder Naval Weapons Center
US Army, ARDEC A'TTN: 7". Boggs, Code 388
A'ITN: SMCAR-AEE-BR, L. Harris T. Parr, Code 3895
Picatinny Arsenal, NJ 07806-5000 China Lake, CA 93555-6001

2 Commander I Superintendent
U3 Army-Missile Command Naval Postgraduate School
AI'N: AMSMI-RK, Dept. of Aeronautics

D.J. Ifshin ATTqN: ID.W. Netzer
W. Wharton Monterey, CA 93940

Redstone Arsenal, AL 35898
3 AULSCF

Commander ATrN; R. Corley
US Army Missile Command R. Geisler
AI'N: AMSMI-RKA, A.R. Maykut J.ILevine
Redstone Arsenal, AL 35898-5249 Edwards A13, CA 93523-500)

Office of Naval Research I AL/MKPII
Department of the Navy ATTN: B. Goshgarian
ATI'N: R.S. Miller, Code 432 Edwards AF1B, CA 93523.500)
800 N. Quincy Street
Arlington, VA 22217 1 AFOSR

,,\T1N: 3,M. Tishkoff
Commander Boiling Air Force Base
Naval Air Systems Command Washington, DC 20332
A ITN: J. Ramnarace,

AIR-541 I IC I SD/SDIO/lST
Washington, DC 20360 A'ITN: L. Caveny

Pentagon
Commander Washington,-DC 20301-7100
Naval Surface Warfare Center
ATTN: J.L. East, Jr., G-23 I Commandant
Dahigren, VA 22448-5000 USAFAS

ATN: ATSF-TSM.CN
2 Commander Fort Sill, OK 73503-5600

Nayal Surface Warfare Center
ATTN: R. Bernecker, R-13 I F.J. Seiler

G.B. Wilniot,-R-16 A'IN: S.A. Shaekleford
Silver Spring. MD 20903-5000 USAI Academy, CO 80840-6528

16



No. of No. of
Conies Organization Q Organization

University of Dayton Research Institute I Battelle Memorial Institute
ATTN: D. Campbell Tactical Technology Center
At1PAP ATITN: J. Huggins
Edwards AFM, CA 93523 505 King Avenue

Columbus, OH 43201
NASA
Langley Research Center 1 Cohen Professional Services
Langley Station ATTN: N.S. Cohen
ATTN: G.B. Northam/MS 168 141 Channing Street
Hampton, VA 23365 Redlands, CA 92373

4 National Bureau of Standards I Exxon Research & Eng. Co.
ATI'N: J. Hastie A'ITN: A. Dean

M. Jacox Route 22E
T. Kashiwagi Anr.andale, NJ 08801
H. Semcrjian

US Department of Commerce 1 Ford Aerospace and
Washington, DC 20234 Communications Corp.

DIVAD Division
I Aerojet Solid Propulsion Co. Div. Hq., Irvine

ATTN: P. Micheli A'IN: D. Williams
Sacramento, GA 95813 Main Street & Ford Road

Newport Beach, CA 92663
Applied Combustion Technology, Inc.
AI'N: A.M. Varney I General Applied Science
11.O. Box 17885 Laboratories, Inc.
Orlando, FL 32860 77 Raynor Avenue

Ronkonkama, NY 11779-6649
2 Applied Mechanics Reviews

The American Society of 1 General Electric Armament
Mechanical Engineers & Electrical Systems

AIM: R.E. White ATTN: M.J. Bulman
A.B. Wenzel Lakeside Avenue

345 E. 47th Street Burlington, VT 05401
New York, NY 10017

1 General Electric Ordnance
Atlantic Research Corp. Systems
ATTN: M.K. King ATIN: J. Mandzy
5390 Cherokee Avenue 100 Plastics Avenue
Alexandria, VA 22314 Pittsfield, MA 01203

Atlantic Research Corp. 2 General Motors Rsch Labs
A'ITN: R.H.W. Waesche Physics Department
7511 Wellington Road A'rFN: T. Sloan
Gainesville, VA 22065 R. 'reets

Warren, MI 48090
AVCO Everett Research
Laboratory Division 2 Hercules, Inc.

ArTrN: D. Stickler Allegheny Ballistics Lab.
2385 Revere Beach Parkway A'ITN: W.B. Walkup
Everett, MA 02149 E.A. Yount

1.o. Box 210
Rocket Center, WV 26726

17



No. of No. of
Copies Organization Conies Organization

Honeywell, Inc. 1 Paul Go,,gh Associates, Inc.
Government and Aerospace ATN: P.S. Gough

Products 1048 South Street
ATI'N: D.E. Broden/ Portsmouth, NH 03801-5423

MS MN50.2000
600 2nd Street NE 2 Princeton Combustion
Hopkins, MN 55343 Research Laboratories, Inc.

ATN: M. Summerfield
IHoneywell, Inc. N.A. Messina
A-TN: R.E. Tompkins 475 US Highway One
MN38-3300 Monmouth Junction, NJ 08852
10400 Yellow Circle Drive
Minnetonka, MN 55343 1 Hughes Aircraft Company

A1TN: T.E. Ward
IBM Corporation 8433 Fallbrook Avenue
ATTN: A.C. Tam Canoga Park, CA 91303
Research Division
5600 Cottle Road 1 Rockwell International Corp.
San Jose, CA 95193 Rocketdyne Division

AITN: J.E. Flanagan/HB02
liT Research Institute 6633 Canoga Avenue
ATN: R.F. Remaly Canoga Park, CA 91304
10 West 35th Street
Chicago, IL 60616 4 Sandia National Laboratories

Division 8354
2 Director ATN: R. Cattolica

Lawrence Livermore S. Johnston
National Laboratory P. Mattern

ATIMN: C. Westbrook D. Stephenson
M. Costantino Livermore, CA 94550

P.O. Box 808
Livermore, CA 94550 1 Science Applications, Inc.

A'ITN: R.B. Edelman
Lockheed Missiles & Space Co. 23146 Cumorah Crest
A'ITN: George Lo Wxxlland Hills, CA 91364
3251 Hanover Street
Dept. 52.35/13204/2 3 SRI Irternational
Palo Alto, CA 94304 A'I'N: G. Smith

D. Crosley
Los Alamos National Lab D. Golden
A'ITN: B. Nichols 333 Ravenswood Avenue

T7, MS.13284 Menlo Park, CA 94025
P.O. Box 1663
Los Alamos, NM 87545 1 Stevens Institute of Tech.

Davidson Laboratory
I National Science Foundation A'IIN. R. MeAlevy, III

A'ITN: A.B. Ilarvey Iloboken, NJ 07030
Washington, DC 20550

I Thiokol Corporation
Olin Ordnance Elkton Division
ATTN: V. McDonald, Library AT!'N: S.F. Palopoh
P.O. Box 222 p.o. Box 241
St. Marks, FL 32355-0222 Elkton, MD 21921

18



No. of No. of
Conies Organization Coies Organization

Morton Thiokol, Inc. 1 University of California,
Huntsville Division Berkeley
ATMN: J. Deur Chemistry Deparment
Huntsville, AL 35807-7501 A'ITN: C. Bradley Moore

211 Lewis Hall
3 Thiokol Corporation Berkeley, CA 94720

Wasatch Division
ATTN: SJ. Bennett 1 University of California,
P.O. Box 524 San Diego
Brigham City, UT 84302 ATN: F.A. Williams

AMES, 11010
United Technologies Research Center La Jolla, CA 92093
ATTN: A.C. Eckbreth
East Hartford, CT 06108 2 University of California,

Santa Barbara
3 United Technologies Corp. Quantum Institute

Chemical Systems Division A'ITN: K. Schofield
AITN: R.S. Brown M. Steinberg

T.D. Myers (2 copies) Santa Barbara, CA 93106
P.O. Box 49028
San Jose, CA 95161-9028 1 University of Colorado at

Boulder
Universal Propulsion Company Engineering Center
ATTN: H.J. McSpadden A'ITN: J. Daily
Black Canyon Stage 1 Campus Box 427
Box 1140 Boulder, CO 80309-0427
Phoenix, AZ 85029

2 University of Southern
Veritay Technology, Inc. California
A'ITN: E.B. Fisher Dept. of Chemistry
4845 Millersport Highway A'FIN: S. Benson
P.O. Box 305 C. Wittig
East Amherst, NY 14051.0305 Los Angeles, CA 90007

Brigham Young University 1 Case Western Reserve Univ.
Dept. of Chemical Engineering Div. of Aerospace Sciences
ATI'N: M.W. Beckstead AITN: J. Tien
Provo, UT 84058 Cleveland, OIl 44135

California Institute of Tech. 1 Cornell University
Jet Propulsion Laboratory Department of Chemistry
ATTN: L. Strand/MS 512/102 A'ITN: T.A. Cool
4800 Oak Grove Drive Baker Laboratory
Pasadena, CA 91009 Ithaca, NY 14853

California Institute of 1 University of Delaware
Technology ATTfN: T. Brill

ATTN: F.E.C. Culick/ Chemistry Department
MC 301-46 Newark, DE 19711

204 Karman Lab.
Pasadena, CA 91125 1 University of Florida

Dept. of Chemistry
University of California A'ITN: J. Winefordner
Los Alamos Scientific Lab. Gainesville, FL 32611
P.O. Box 1663, Mail Stop 13216
Los Alamos, NM 87545

19



No. of No. of
OQp1is Organization s Organization

3 Georgia Institute of 2 Princeton University
Technology Forrestal Campus Library

School of Aerospace ATN: K. Brezinsky
Engineering I. Glassman

ATIN: E. Price P.O. Box 710
W.C. Strahle Princeton, NJ 08540
B.T. Zinn

Atlanta, GA 30332 1 Purdue University
School of Aeronautics

University of Illinois and Astronautics
Dept. of Mech. Eng. ATTN: J.R. Osborn
ATTN: H. Krier Grissom Hall
144MEB, 1206 W. Green St. West Lafayette, IN 47906
Urbana, IL 61801

1 Purdue University
Johns Hopkins University/APL Department of Chemistry
Chemical Propulsion ATTN: E. Grant

Information Agency West Lafayette, IN 47906
ATN: T.W. Christian
Johns Hopkins Road 2 Purdue University
Laurel, MD 20707 School of Mechanical

Engineering
University of Michigan ATI'N: N.M. Laurendeau
Gas Dynamics Lab S.N.B. Murthy
Aerospace Engineering Bldg. TSPC Chaffee Hall
ATN: G.M. Faeth West Lafayette, IN 47906
Ann Arbor, MI 48109.2140

1 Rensselaer Polytechnic Inst.
University of Minnesota Dept. of Chemical Engineering
Dept. of Mechanical ATI'N: A. Fontijn

Engineering Troy, NY 12181
A'ITN: E. Fletcher
Minneapolis, MN 55455 1 Stanford University

Dept. of Mechanical
3 Pennsylvania State University Engineering

Applied Research Laboratory ArIN: R. Hanson
A'ITN: K.K. Kuo Stanford, CA 94305

H. Palmer
M. Micci I University of Texas

University Park, PA 16802 Dept. of Chemistry
ATI'N: W. Gardiner

Pennsylvania State University Austin, TX 78712
Dept. of Mechanical Engineering
ATTN: V. Yang I University of Utah
University Park, PA 16802 Dept. of Chemical Engineering

ATIN: G. Flandro
Polytechnic Institute of NY Salt Lake City, UT 84112
Graduate Center
ATI'N: S. Lederman I Virginia Polytechnic
Route 110 Institute and
Farmingdale, NY 11735 State University

AITN: J.A. Schetz
Blacksburg, VA 24061

20



No. of
Copies Organization

1 Freedman Associates
AITM: E. Freedman
2411 Diana Road
Baltimore, MD 21209-1525

21



INTENTIONALLY LEFT BLANK.

22



USER EVALUATION SHEET/CHANGE OF ADDRESS

This Laboratory undertakes a continuing effort to improve the quality of the reports it publishes.
Your comments/answers to the items/questons below will-aid us in our efforts.

1. BRL Report Number BRL-TR-3163 Date of Report OCTOBER 1990

2. Date Report Received

3. Does this report satisfy a need? (Comment on purpose, related project, or other area of interest
for which the report will be used.)

4. Specifically, how is the report being used? (Information source, design data, procedure, source
of ideas, etc.)

5. Has the information in this report led to any quantitative savings as far as- man-hours or dollars
saved, operating costs avoided, or cfficiencics achieved, etc'? If so, please elaborate.

6. General-Comments. What do you think should be changed to Improve future rcports? (Indicate
changes to -organization, technical -content, format, etc.)

-... ,.

Name

CURRENT Organization
A)DRESS-

Address

City, n ate, Zip Code

I If indicating a Change of Address or Address Correction, please trvide the New or Corrcci
\ddress in -Block 6 above and the -Old or Incorrect address below,

Name

OLD Organization
ADDRESS

Address

City, State, Zip Code

(Remove this sheet, fold as indicated, staple or tape closed, and-mail.)



-- --------------------------- ---------M D 1ILRr -----------------------------------------------

DE-PARTMEINT OF THE ARMY 111
I)rectol [NO POSTAGE
O.S. Army Ballistic Rcscarch LaLmi'dory NECESSARY
A'II'N: SLCIR.DI)-r IF MAIIEDIN THE
Aberdccn Proving Ground. NIl) 21(, '5066 UNTiE STATES

OFFICiAL BUSINESS

BUSINESS REPLY MAIL
FIRST CLASS PERMIT No 0001, APG, MD

POS1AGE WILL BE PAID BY ADPRESSEE

Direclor
U.S. Army Ballistic Resuarch Lalxwatory
A'ITN: SLC13R-DD-T
Aberdeen Proving Ground, MD 21005-9989

-.-.--------------------........-------------------------- FOLD 11IT -...............------------------- --------------------------


